Lenses that can collect the perfect image of an object must restore propagative and evanescent waves. However, for efficient information transfer, e.g., in compressed sensing, it is often desirable to detect only the fast spatial variations of the wave field (carried by evanescent waves), as the one created by edges or small details. Image processing edge detection algorithms perform such operation but they add time and complexity to the imaging process. Here, we present a new subwavelength approach that generates an image of only those components of the acoustic field that are equal to or smaller than the operating wavelength. The proposed technique converts evanescent waves into propagative waves exciting trapped resonances in a waveguide, and it uses periodicity to attenuate the propagative components. This approach achieves resolutions about an order of magnitude smaller than the operating wavelength and makes it possible to visualize independently edges aligned along different directions.
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Edge detection is an essential numerical tool in image processing that finds application in several areas of science and technology. In medical imaging [1, 2] , non-destructive testing [3, 4] , and computer vision [5] , edge detection plays an important role, since it enables extracting the meaningful information from an image and it reduces the amount of data to be processed. The basic idea behind this technique is to high-pass filter the image to remove the low spatial frequencies. Close to the edges of an object illuminated by a monochromatic wave, the wave field is dominated by evanescent waves, i.e., waves with spatial oscillations faster than the operating wavelength. A lens capable of generating an image using only evanescent waves would visualize the edges or small details of an object, essentially extracting only the key information contained in the image.
There exist different ways to detect evanescent waves, which overcome the classical diffraction limit [6] of conventional imaging devices. Approaches based on superlenses [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and hyperlenses [10, 20] or time reversal techniques [22] [23] [24] [25] allow restoring evanescent waves, providing a detailed picture of the imaged scene. However, since propagative waves that carry low spatial frequencies are also used to form the image, such techniques cannot be used to visualise only fast wave field variations.
Here, we present a new imaging technique for acoustic waves, based on trapped resonances in irregular waveguides, that provides an image of only spatial variations of the acoustic field that are equal to, or smaller than, the operating wavelength. This approach provides sharp images of the edge of an object, with resolution up to λ/7.6 (λ is the operating wavelength). Moreover, the technique allows visualizing edges aligned along a given direction independently. These features arise from the fact that the plane mode excitation is not involved in the restoration of the evanescent components. This is different from other imaging approaches that use acoustic resonances, which rely on transporting propagative and evanescent information [11] [12] [13] [14] [15] [16] [17] [18] [19] .
We design waveguides with periodic, symmetric modulations of the cross-section, as shown in Figures 1A and 1B . The waveguides have two different square cross-sections; a narrow section, s, and a wide section, S, with dimensions s = w × w, and S = W × W .
The axial lengths of the narrow and wide segments are denoted respectively by l and L.
The symmetric variations of the cross-section generate trapped resonances (TRs) in the waveguide [26, 27] , which appear at frequencies slightly above the cutoff frequency of the first antisymmetric waveguide mode. More details about the origin of these resonances are given in the Supplementary Section S1. These resonances are antisymmetric with respect to the longitudinal axis (see Supplementary Figure S1 ), meaning that they can only be excited by antisymmetric waveguide modes (some of those modes are shown in Figure   1C ). The excitation of the TRs induces a strong coupling between higher-order modes, including the evanescent ones, making it possible to tunnel subwavelength information through the device. The periodicity induces a bandgap for the plane mode, which avoids the transmission of components with small perpendicular wavenumber. By choosing the geometrical parameters of the waveguide, it is possible to make the plane mode band gap and the TRs coincide in frequency, creating a spectral band in which only waves with large perpendicular wavenumber are transmitted. In the particular case considered here, the geometrical parameters are w = 7.5 mm, W = 2.25 mm, l = 3 mm and L = 15 mm. Figure 1D illustrates the principle of operation of the waveguie: low spatial frequencies, carried by propagative waves (blue sinusoidal lines), are converted into evanescent waves (red decaying lines). High spatial frequencies, carried by evanescent waves, are converted into propagative waves. As a result, a picture of only the edges of the imaged object is created.
The acoustic field inside the waveguide is described by the 3D wave equation
p(x, y, z) = 0, where k = ω/c 0 is the wavenumber, ω is the angular frequency 
where φ (m,n) (y, z) are the eigenfunctions, A (m,n) (x) is the modal amplitude as a function of x, and the couple (m, n) indicates the number of vertical (m) and horizontal (n) nodal lines. The propagation of each mode is determined by its longitudinal wavenumber, transmission peaks (as many as coupled cavities in the waveguide) between 7700 Hz and 7800 Hz, corresponding to the transmission of mode (1, 0) with amplitude equal to 1. In this figure, we also show the terms T (1,0), (3, 0) , T (1,0), (5, 0) and T (1,0), (7, 0) , which indicate the coupling of the transmitted mode (1, 0) with incident modes (3, 0), (5, 0) and (7, 0). All these modes, except mode (1, 0), are evanescent at these frequencies. However, Figure 2C puts in evidence the ability of the device to convert evanescent waves into propagative ones. Remarkably, we observe conversion of modes (3, 0), (5, 0) and (7, 0) with amplitudes bigger than 1, demonstrating the possibility to transfer efficiently subwavelength information through the device.
To test these ideas experimentally, we measure the transmitted amplitudes of the Figure 2C ). In the experiments, we distinguish only 3 transmission peaks (instead of 5, as predicted in Figure 2B ), and attribute this to inherent losses in the waveguide, not taken into account in our model.
The above results suggest that, at the TRs frequencies, the waveguide can be used to image acoustic field components with large perpendicular wavenumber. Let p I (y, z)
be the acoustic field incident on the input waveguide cross-section S. The coupling of p I with the waveguide modes is given by the prejection
From Eq. (2), it follows that slow spatial oscillations of the incident field will couple mainly with the plane mode, which cannot propagate in the waveguide. In contrast, fast spatial asymmetric variations of the incident field will couple with the high-order antisymmetric modes and transmitted through the waveguide. However, since for any antisymmetric mode Eq. (2) vanishes if p I is symmetric, symmetric excitations cannot be transmitted.
To test the imaging properties of our device, we performed a series of experiments to image the edges of different objects. Figure 3A shows a 1D scan of the edge of an aluminum plate, the edges of a 32 mm wide aluminum plate are shown in Figure 3B , and the edges of a 10 mm wide aluminum rod are shown in Figure 3C . The frequency chosen is f =7740 Hz (λ = 44 mm), corresponding to the maximum of A (1,0) in Figure 2C .
The experimental results (solid red lines) were compared to finite elements simulations performed with Comsol Multiphysics (black dashed lines). The single edge ( Figure 3A) generates a sharp peak in the transmitted intensity of mode (1,0). The resolution, defined as the full width at half maximum of the peak (FWHM), is 0.22λ. The two edges of the 32 mm plate are seen as two narrow peaks ( Figure 3B ). We notice that these two peaks are slightly sharper (0.19λ) than that of Fig. 3A . The reason for this is that when the position of the object is symmetrical with respect to the waveguide axis (y = 0), the transmitted intensity drops to zero, which shrinks the peaks generated by the edges. A special situation arises when imaging small objects, whose edges are separated by a distance close to the device resolution (≈ 0.2λ = 9 mm). Remarkably, the device still generates two sharp peaks with FWHM = 0.13λ ( Figure 3C ). However, the resulting image does not represent the actual object size, but an object slightly larger. This is because the peaks maxima are shifted due to the intensity drop at y = 0. We have tested experimentally device's ability to image 2D objects. In particular,
we have imaged a 10 cm diameter plexiglas disc and the ETH Zurich logo, made of a rigid thermoplastic (Figure 4 ). Figure 4A shows the total transmitted intensity I = I (0,1) + I (1, 0) , when imaging the plexiglas disc (only the upper half disc is represented). The intensity is maximum at the edges of the disc (represented by the dotted line). The image also shows other features with lower amplitude, that can be generated by unwanted reflections in the experimental setup. A clearer image is obtained by reducing the dynamic range to one half of the maximum intensity, Figure 4B . A semicircle is clearly observed in the image, with FWHM ≈ 0.2λ. As mentioned above, an interesting aspect of this technique is the possibility to visualize edges aligned along different directions. This is achieved by visualizing the intensities I (1,0) (for horizontal edges) or I (0,1) (for vertical edges) separately. In Figure 4C , we visualize only I (1,0) and observe a maximum in the region where the edge is horizontal, which vanishes smoothly as the edge becomes vertical.
In Figure 4D , we visualize only I (1, 0) and observe that the intensity is maximum at both sides and vanishes as the edges become horizontal. image, Figure 4A , shows intensity maxima coinciding with the edges of the letters. By reducing the dynamic range to one half, Figure 4F , the resulting image reveals most of the features of the object, except for the lower step of letter "T". The edges of letters "E" and "H" appear clearly in the image, as well as the upper part of letter "T". Figures 4G and 4H show the intensities I (1,0) and I (0,1) , which allow visualizing horizontal and vertical edges,
respectively. These figures demonstrate that directional edge detection is also possible in this more complicated case.
We foresee the ability to scale the fabrication of these devices to sizes of interest for ultrasonic imaging, to improve current visualization technologies in medical and non-destructive evaluation applications. Moreover, since trapped modes also exist in electromagnetic waveguides [28, 29] , our results may suggest the design of analogous edge detection devices for optical waves. propagative mode in the narrow section, and therefore it remains trapped. This situation is illustrated in Figure S1 . 
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S2 Computation of the transmission matrix, T
We have calculated the transmission matrix of the waveguide shown in Figure 1A using the multimodal method. Assuming perfectly rigid boundaries, the pressure field in the waveguide is the solution to the following problem (time dependence e ωt is omitted):
where k = ω/c 0 is the wavenumber, Ω is the air inside the waveguide, ∂Ω represent the boundaries and ∂ n denotes the normal derivative with respect to the boundaries.
The pressure field is developed on the basis of eigenmodes of the corresponding transverse section as
with A (m,n) and B (m,n) the amplitude of the forward and backward modes, respectively, 
in the narrow section and
in the wide section, where δ is the Kroneker symbol.
The scattering matrix of each element forming the waveguide (straight segments and discontinuities) is given by
where i = 1, 2, . . . , I, with I = 13 the number of scattering elements, R i and T i are the reflection and transmission matrices for right-going incident waves, and R i and T i are the reflection and transmission matrices for left-going incident waves.
The scattering matrices of the straight segments (i = odd) are given by
where E is a diagonal matrix containing the terms e β (m,n) Ls , with L s the length of the segment, and [0] is the zero matrix. The scattering matrices of the discontinuities (i = even) are calculated from the continuity equations of pressure and normal velocity, given by
where superscripts (l) and (r) indicate quantities on the left and on the right of the discontinuity, respectively. Inserting Equation (S4) into Equations (S9) it is possible to obtain the scattering matrix for a sudden expansion as
and the scattering matrix for a sudden narrowing as
with
where I is the identity matrix, F is the matching matrix, containing the inner product between the modal basis, φ
(m,n) , φ
(l,k) = s φ (r) (m,n) φ (l) (l,k) dydz, Y is a diagonal matrix containing the admittance terms β (m,n) , and t F is the transpose of F.
Defining the matrix operator allowing assembling two scattering matrices, S i and S i+1 , as (see Ref. (30 ))
The global scattering matrix of the waveguide, S, is calculated by assembling consecutively the scattering matrices of each element as
from which we extract the transmission matrix, T.
